Coxsackievirus A2 was propagated to high titres in the established rat L8 myogenic cell line during the stage of differentiation characterized by fusion of myoblasts into multinucleated myotubes (I 92 h post-plating cultures). In contrast, pre-fusion mononucleated L~ cultures infected 24 h after plating were refractory to Coxsackievirus A2 infection, as was a non-fusing clonal variant of the L8 line (LsCL3-U) regardless of the age of the latter cultures. The development of virus susceptibility in the older L 8 cultures correlated with a marked virus-specific c.p.e, as evidenced by vacuolated degenerating myotubes with disrupted cytoplasm, whereas no c.p.e, was seen following infection of the young L 8 or variant LsCL3-U cultures. The restriction of Coxsackievirus A2 replication in young L 8 and LsCL3-U cultures occurred after virus attachment.
INTRODUCTION
The group A Coxsackieviruses have been characterized by their ability to cause a fatal infection in foetal and infant mice with selective destruction of skeletal muscle. Though virus replication in foetal mice has been demonstrated (Came & Crowell, 1964; Kantoch & Kuczkowska, i964) , only minimal or no replication of these myotropic viruses has been observed in mouse embryo cells cultured in vitro (Wenner & Lenahan, ~961/6z; Goldberg et al. I969) . The application of cell culture techniques which permitted differentiation of muscle cells to occur (Konigsberg, 1963; Yaffe, 1968 ) facilitated identification of those myogenic cells capable of supporting the propagation of several group A Coxsackieviruses (Goldberg & Crowell, I97I ; Landau et al. 1972) .
The effect of host cell physiology on susceptibility of differentiating muscle cells to virus infection has been noted by Cox et al. (1977) and Armstrong et al. (1978) . It was shown that infected terminally differentiated avian and human skeletal muscle myotubes, respectively, supported the replication of influenza A virus better than dividing myoblasts.
In contrast, Ross River virus readily caused a lyric infection in mouse myoblasts, whereas a persistent infection was maintained in fused cultures composed of multinucleated cells (Eaton & Hapel, I976) . The susceptibility of primary foetal mouse muscle cell cultures to Coxsackievirus AI3 infection was found by Goldberg & Crowell (1971) to be maximal during the period of rapid cell fusion. In a recent report, Cox & Kendal (1978) showed that both avian myoblasts and myotubes were receptive to infection by vaccinia and herpes simplex type I viruses.
In the present report, the established rat L8 cell line (Yaffe, I968; Yaffe & Saxel, t977) was used to delineate further the factors which influence the susceptibility of differentiating oo22-1317/8o/oooo-3843 $02.oo © 198o SGM myogenic cells to Coxsackievirus A2. Cultures of these cells showed characteristics of muscle cell fusion, which markedly reduced the variations intrinsic to primary cell cultures. Evidence is presented which shows that enhanced virus replication occurred in cultures undergoing pronounced fusion of mononucleated myoblasts whereas pre-fusion myoblast cultures were refractory. In addition, it was found that the restriction of virus replication in pre-fusion cultures occurred after virus attachment.
METHODS
Cell lines. The myogenic rat cell line L8 (Yaffe, t968; Yaffe & Saxel, 1977) and a nonfusing variant of the L8 line designated LsCL3-U were kindly provided by Dr R. J. Goldberg, National Cancer Institute, Bethesda, Md., U.S.A. The parental L8 line was re-cloned in order to retain its fusion activity. The cell lines were routinely propagated in growth medium (L8-GM) consisting of Eagle's minimal essential medium (MEM) prepared in Earle's balanced salt solution (EBSS) supplemented with 1-8 mM-CaC12, o'o75 % NaHCOa, penicillin 0oo units/ml), streptomycin (too/~g/ml) and Io% horse serum (Denver Serum Company, Denver, Penn., U.S.A.) . Stock cultures were grown in screw-capped plastic flasks (Coming, N.Y., U.S.A.). Subcultures were made by detaching the cells from the plastic with 0"25 % trypsin in phosphate buffered saline (PBS-a) before overt onset of fusion. Cell lines were found to be free of mycoplasma contamination. Karyotype analysis, kindly performed by Dr Warren W. Nichols, Institute for Medical Research, Camden, N.J., U.S.A., demonstrated rat specific marker chromosomes for both the Ls line and its derivative LsCL3-U, verifying the species of origin.
The RD cell line originally derived from a human rhabdomyosarcoma (McAllister et aL i969) was obtained from Dr R. M. McAllister of the University of Southern California, Los Angeles, Calif., U.S.A. RD cells were propagated in MEM with double strength amino acids prepared in Hanks' BSS supplemented with 0.023 ~o NaHCO3, penicillin 0oo units/ ml), streptomycin 0oo #g/ml) and Io% calf serum (Grand Island Biological Co., Grand Island, N.Y., U.S.A.). Confluent monolayers were treated with Io ml of o.o2 ~o EDTA in PBS-a and passed I : 3 every 7 days. HeLa cells were propagated as monolayer cultures by methods described previously (Crowell et al. 1971) .
Virus and virus assay. The origin of the Fleetwood strain of Coxsackievirus A2 used in these studies was described earlier (Crowell & Syverton, 1955) . Stock pools of Coxsackievirus A2 were prepared in RD cells (Crowell & Landau, 1978) in 32 oz prescription bottles. Infected cells were incubated at 37 °C for 20 h, followed by three successive cycles of freezing and thawing to release intracellular virus. Cell debris was removed by centrifugation for 2o min at iooog at 4 °C and the supernatant fluids were collected and stored at -20 °C until used. The method used for virus plaque assays on RD cells was a modification of that previously described (Crowell & Syverton, 1961) . DEAE-dextran (loo #g/ml) and 5 mM-MgCI2 were incorporated in the agar overlay medium and infected cultures were incubated at 37 °C for 72 h for maximum plaque development.
Determination of virus replication in L8 cultures. L s cell cultures were initiated by addition of 5 ml of cell suspension (i x io 5 cells/ml) into 6o by I5 mm plastic culture dishes (Falcon Plastic, Oxnard, Calif., U.S.A.). Medium was changed every 3 days. To enumerate the cells at various stages of myogenic differentiation for determination of the multiplicity of infection (m.o.i.), replicate monolayer cultures of Ls cells were treated with o'25 % trypsin, resuspended in PBS-a and counted in a haemocytometer. For nuclei counts, trypsinized cell suspensions were centrifuged at 1ooog for 5 min at 4 °C and resuspended in 4 ml of a 0"75 % acetic acid with I ml of 0"5 % crystal violet solution. Stained nuclei were counted ) with intermittent rocking to allow uniform virus attachment. To remove unattached virus following attachment cultures were washed three times with 5 ml of cold EBSS containing o.oz M-N-zhydroxyethylpiperazine-N'-z-ethane-sulphonic acid (HEPES), pH 7"5. Fresh Ls-GM was added and the cultures incubated at 37 °C. At various times cultures were removed, observed for c.p.e, and subjected to three successive cycles of freezing and thawing to release intracellular virus. The disrupted cell suspension was centrifuged at looo g for 2o rain at 4 °C, the supernatant fluids collected and stored at -2o °C until assayed.
RESULTS

Morphological characterization of the L s cell line during myogenesis
Initial experiments were conducted to determine the morphologically recognizable stages of myogenic differentiation of the L 8 cell line. A standard inoculum of 5 × I o 5 cells/6o mm dish was used to initiate replicate cultures with incubation at 37 °C in a 5 % CO2 atmosphere. The cultures were observed microscopically at selected time intervals and photographed. Representative stages of myogenesis are illustrated in Fig. I . Twenty-four hours after plating (we-fusion) the cultures consisted predominantly of mononucleated myoblasts. These replicating mononucleated cells have been designated presumptive myoblasts by Dienstman & Holtzer 0975)-During the next 48 h presumptive myoblasts continued to proliferate and yielded myoblasts, which as post-mitotic cells have withdrawn from the cell cycle and have been considered competent to fuse into multinucleated cells (myotubes) (see review by Dienstman & Holtzer, 1975) . As cultures reached confluency, cell proliferation diminished and cell fusion began. A density dependency for cell fusion was observed in the cultures (Yaffe & Saxel, I977). By i2o h Ls cell cultures reached a maximum cell density with subsequent parallel alignment of post-mitotic myoblasts to initiate fusion into multinucleated cells. After i92 h (post-fusion cultures) the majority of nuclei were found in syncytia (myotubes). This was the terminal stage of myogenesis for the L8 cell line. The myotubes of this line did not mature into cross-striated muscle fibres nor did they contract spontaneously.
Several parameters of growth for the L 8 line were defined during the course of myogenic differentiation (Fig. 2) . Nuclei, cells, protein and DNA of the L8 cells increased exponentially during the first 96 h in culture, levelling off as cultures became confluent at approx. I2o h. With the onset of fusion, there was a decreased rate of DNA and protein synthesis and a decrease in cell and nuclei proliferation.
One-step virus growth cycle of Coxsackievirus A2 in L 8 cell cultures
Initial observations revealed that the L 8 cell line yielded different amounts of Coxsackievirus A2 depending on the age of the cultures. Experiments were performed to determine the time of optimal virus yields after one cycle of virus replication. L8 cell cultures, 24 h and I92 h after plating, were inoculated with virus at a m.o.i, of 3o as indicated in Methods. Similar experiments were performed in confluent monolayers of RD cells, to serve as a positive control, since RD cells were known to be highly susceptible to Coxsackievirus A2 (Crowell & Landau, I978) . 
Susceptibility of Ls cells to Coxsackievirus A2 during myogenesis
Since differences in virus susceptibility existed between z4 h and I92 h Ls cultures, experiments were performed to determine more precisely when the L8 cells acquired susceptibility to Coxsackievirus A2. At different stages of myogenic differentiation L 8 cultures were inoculated with Coxsackievirus A2 at I p.f.u./cell. Total virus yields were determined at 13 h p.i., which allowed for approx, t cycle of virus replication. The results illustrated in evidenced by the appearance of vacuolated myotubes with disrupted cytoplasm (Fig. 6) . C.p.e. was not seen in younger infected cultures.
Lack of Coxsackievirus A2 replication in LsCL3-U cells
To confirm that Coxsackievirus A2 replication was dependent on the presence of fused cells, a non-fusing cell variant derived from the L 8 cell line designated LsCL3-U was tested for virus susceptibility. The cells were infected as before and the undiluted supernatant fluids were serially passaged five times in LsCL3-U cultures. Assays for virus infectivity revealed no measurable virus replication or c.p.e. (Table t) . Thus these cells were found to be completely refractory to infection with Coxsackievirus A2. (p.f.u./ml)i" C.p.e. * A total of 5 x io 5 LsCL3-U cells were plated on 60 mm Petri dishes and incubated at 37 °C for 24 h. Replicate cell monolayers were washed and inoculated with 0.2 ml of Coxsackievirus A2 containing 2"5 x Io 9 p.f.u./ml. After 9o rain for virus attachment at 25 °C, 5 ml of La-GM were added and cultures incubated at 37 °C for 3 days. Cultures were disrupted by three cycles of freezing and thawing, cell debris was removed by centrifugation at rooog for lo min, and the supernatant fluids were stored at -2o °C. Monolayer cultures containing a final concentration of I × Io 7 cells/ml after-addition of virus were inoculated with an input virus multiplicity of approx, r at 25 °C • •, Coxsackievirus A2 stability control.
Attachment kinetics of Coxsackievirus A2 to Ls, LsCL3-U and HeLa cells
The insusceptibility of the non-differentiating LsCL3-U line to Coxsackievirus A2 together with the limited degree of virus replication evidenced in pre-fusion L 8 cultures revealed a dependency for virus growth on a stage of differentiation exemplified by fusion. To learn if the restriction of susceptibility was due to the lack of virus receptors at the cell surface membrane (Zajac & Crowelt, I965) , comparative virus attachment kinetics were determined on 24 h cultures of L s and LsCL3-U cells.
Standard monolayer cultures of L s and LsCL3-U cells, 24 h after incubation, were washed twice with PBS-a and inoculated with Coxsackievirus A2, diluted in EBSS containing o.o2 M-HEPES (pH 7"5), 1.8 mM-CaCI~ and 3% horse serum. Cell-free plates, which had been overlaid z4 h earlier with conditioned medium obtained from 3-day spent fluids from L s cell cultures and which had been filtered through a o'45 #m filter (Millipore Corp., Bedford, Mass., U.S.A.), were similarly washed and received the same virus inoculum to serve as a virus control. At selected time intervals of incubation at 25 °C the cultures were washed twice with 5 ml of cold EBSS containing o.oz M-HEPES (pH 7"5) and pooled.
After centrifugation at tooo g for 15 min at 4 °C the top 5 ml of supernatant fluid containing unattached virus was removed and horse serum added to a final concentration of 3 % (v/v). The virus containing samples were stored at -2o °C until assayed. The data (Fig. 7a ) revealed that Coxsackievirus A2 attached to both cell lines at a similar rate.
An additional experiment was performed to compare the attachment of Coxsackievirus A2 to the highly permissive post-fusion Ls cultures and to the non-permissive LsCL3-U and HeLa cell cultures. As before, confluent monolayer cultures of the LsCL3-U, postfusion Ls cells and HeLa cells were washed twice with PBS-a and inoculated with o.2 ml of virus respectively. A virus stability control was also included. At selected intervals of incubation at 25 °C, samples were withdrawn and diluted 2oo-fold in EBSS containing o.o2 M-HEPES (pH 7"5) and 3 % horse serum, to stop virus attachment, and processed as described above. Cultures of non-permissive HeLa cells and highly susceptible post-fusion L s cells showed an equivalent although rather slow attachment rate of Coxsackievirus A2 (Fig. 7b ). Crowelt 0976) described the attachment kinetics for Coxsackievirus A I3 and AI8 to HeLa cells and demonstrated a similar low magnitude of attachment for these group A Coxsackieviruses. As before, Coxsackievirus A2 demonstrated faster attachment kinetics to the refractory LsCL3-U cell line. It was concluded that the restriction of Coxsackievirus A2 replication in pre-fusion L 8 cultures and in the non-fusing LsCL3-U cell line occurred after virus attachment.
DISCUSSION
It has been noted previously that the replication of several viruses in skeletal muscle cells was markedly influenced by the stage of cell differentiation at which infection was initiated (Goldberg & Crowell, I971 ; Eaton & Hapel, 1976; Cox etal. t977; Armstrong etal. I978) . However, the precise properties and specific stages of differentiation which allowed for infection were difficult to assess using primary cultures comprised of heterogeneous cell types. In the present report, evidence was presented that the established rat L8 celt line revealed a marked age dependency for susceptibility to Coxsackievirus A2 infection. Prefusion cultures, abundant in mononucleated presumptive myoblasts, showed limited Coxsackievirus A2 replication with yields of approx. I p.f.u./nucleus. This low amount of virus yield probably reflected infection of a few post-mitotic myobtasts which were present in the asynchronous cultures. Yields of about 6oo p.f.u./nucleus were obtained from the older multinucleated post-fusion L 8 cultures. Since both post-mitotic myoblasts and immature myotubes were the principal cell types in the older cultures, they were considered to be the virus susceptible cells during myogenesis. These results are in concert with those of Goldberg & Crowell 0971) who found a similar pattern of changing susceptibility to infection by Coxsackievirus A 13 of differentiating cultures of primary foetal mouse muscle (PFMM) cells. In addition, in these latter studies continued cell differentiation resulted in contracting cross-striated multinucleated cells which were resistant to Coxsackievirus infection. The fact that the L8 cultures did not attain this latter stage of myogenic differentiation may account for the age-related difference in the observed results. Investigation of a myogenic cell line, which attains the terminal stage of myogenesis similar to primary cultures, may help resolve those factors accounting for myofibre resistance to virus infection. Rowe (1953) demonstrated that denervated skeletal muscle of adult mice acquired susceptibility to infection by Coxsackievirus A2. Sato & Chou (I978) have recently confirmed this observation for Coxsackieviruses A4 and A9. Since mature skeletal muscle has the ability to regenerate new fibres following injury, it has been suggested that a population of myoblasts similar to embryonic muscle exist in mature adult muscle (Bischoff, 1975) .
Our observations, made from L8 and PFMM cultures, that myoblasts and immature myotubes are the virus susceptible cells which arise during myogenesis, help to explain the growth of Coxsackievirus A2 in denervated muscle. The finding that fully differentiated myofibres are resistant to group A Coxsackieviruses (Goldberg & Crowell, I97 I) might account for the observed insensitivity of adult mouse muscle to virus infection (McLaren & Sanders, 1959 ; Kantoch & Kuczkowska, 1964) .
The LsCL3-U line which lacked the developmental capacity to differentiate (fusion) into immature muscle was unable to replicate A2 virus. Inhibition of fusion achieved by growth of PFMM cultures in 5-bromodeoxyuridine (BrdUrd) caused a 9o % reduction in Coxsackievirus AI3 replication (Goldberg & Crowell, I97I) . Thus, susceptibility to group A Coxsackieviruses appears to be co-ordinated with a developmental stage of myogenesis associated with the capacity of cells to fuse.
The non-permissive pre-fusion L8 and young LsCL3-U cultures demonstrated the presence of binding sites for virus attachment satisfying the initial determinant for successful enterovirus infection (McLaren et al. I959; Kunin, t964) . This finding suggested that during the early stages of myogenic differentiation the restriction event in virus replication occurred subsequent to virus adsorption. The mechanism of this restrictive event in the pre-fusion cultures and its release during the period of rapid myotube formation needs further definition. Restriction of successful picornavirus replication has been attributed previously to abortive early interactions of virus with the host cells (Darnell & Sawyer, I96O; Holland, 1962) , and to the premature cessation of virus RNA synthesis in nonpermissive hosts (Prather & Taylor, 1975; Dubois, I977) . Additionally, the interaction of the invading virus with the developing cell could have been affected by the many cell surface alterations (Chen, 1977; Prives & Shinitsky, 1977; Perkins & Scott, x978 ) and biochemical events (Devlin & Emerson, I978) known to occur during myoblast differentiation. Some of these possibilities are being investigated.
Evidence that group A Coxsackieviruses are myotropic has been well established in animals (Dalldorf & Melnick, I965; Drachman et al. 1976 ) and cell cultures (Goldberg & Crowell, I97I; Landau et al. 197z) . The present report has demonstrated the ability of Coxsackievirus A2 to cause muscle cell destruction provided infection was initiated in cultures displaying extensive cell fusion. Additionally, we have found that the L 8 cell line is capable of sustaining a persistent infection by Coxsackievirus Az (unpublished observation). This would suggest that during the course of differentiation a heterogeneous population of resistant and susceptible cells co-exist allowing for the maintenance of a chronic infection. This observation raises the question as to whether group A Coxsackieviruses have the potential to cause chronic human muscle diseases. Several recent electron microscopic studies of muscle biopsy specimens obtained from patients with a clinical and pathological diagnosis of chronic myopathy (Tang et al. 1975) , polymyositis (Chou & Gutmann, 197o ; Mastaglia & Walton, 197o; Gyorkey et al. 1978) , and dermatomyositis (Ben-Bassat & Machtey, I97 z) have revealed intracytoplasmic crystalline arrays resembling picornavirus-like structures. Coxsackievirus A9 was isolated from the muscle tissue of a patient with chronic myopathy (Tang et al. ~975) and in another recent report a muscle specimen from a patient with polymyositis contained A9 antigens as revealed by immunofluorescence (Gyorkey et al. 1978) . The use of persistently infected cultures of L8 cells may provide an in vitro model system for study of Coxsackievirus-induced chronic muscle diseases.
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